The Algerian Sahara is characterized by severe climate conditions where temperature reaches high levels with large variations during day and season. Nacelles of wind turbines operating in this region are subjected to the overheating problem, in particular the electromechanical components becoming less effective as they heat up during use. In order to maintain an appropriate temperature of the air within the nacelle, an active cooling system has to be set up to reject the generated heat towards the external environment and the resulting heat transfer must be properly controlled. The present work investigates numerically the impact of turbulent natural convection heat transfer on the nacelle thermal behavior. Reynolds-Averaged Navier-Stokes and energy equations have been considered. ANSYS FLUENT code has been employed to solve the resulting mathematical model. Temperature and velocity profiles within the 2D and 3D-configurations of the nacelle have been presented and discussed. Variations of the average temperature inside the nacelle and the required cooling capacity are determined and thoroughly discussed.
Introduction
The Algerian Sahara is well-known for severe climate conditions where temperature reaches high levels. Saharan regions usually feature high diurnal temperature variations between days and nights and from one season to another. Moreover, ambient air is usually laden with dust particles. This effect is especially significant in sandy and desert regions where strong winds are able to suspend and transport sand particles at considerable heights [1] . Wind turbines intended to operate under such extreme conditions run the risk of failure being subjected to constraints of design and conception difficulties. On the other hand, electromechanical equipment inside the nacelle such as generator, gearbox, converter and power packs, become less effective as they heat up during use, due to Joule effect and friction. Therefore, keeping these equipment at the right temperature is crucial to get the best performance out of the wind turbine.
For this aim, the nacelle should be air-tight and an active cooling system must be employed to ensure an appropriate temperature of the air inside the nacelle. However, most wind turbine cooling systems have a maximum ambient temperature level above which they cannot operate to ensure sufficient cooling performance to maintain the design operational temperature for the different components. This leads to gradual de-rating of the power output and eventually to wind turbine shut-down due to an overheating alarm [2] . In order to control properly the resulting heat transfer, a compromise should be determined between the air temperature levels inside the nacelle on one hand, and the high cooling efficiency which leads to lower reliability and higher cost for such a complex cooling system, on the other hand.
A numerical method has been developed by Smaili et al. [3] where the effect of the environment temperature on wind turbine nacelle operating in Canadian Nordic climate has been assessed, and the turbine has been modeled using hybrid method. To solve the steady governing equations, ControlVolume Finite Element Method (CVFEM) has been developed. To maintain an acceptable temperature level within the nacelle, it has been found that, during summer, the amount of air mass rate flowing through the nacelle should be adjusted properly as function of wind velocity and external temperature. In turn, during winter, the nacelle should be well insulated and the air should be well stirred to obtain nearly uniform temperature distribution within the nacelle. In a more recent work [4] , the same numerical method has been used to investigate the thermal behavior of a 750 kW wind turbine nacelle operating in the Algerian Saharan climate. As for simplifying the problem, a 2D-configuration has been considered. The effects of radiation and gravity were neglected, and air within the nacelle has been assumed to be stationary. Therefore, only heat exchange by steady thermal conduction has been accounted for within the nacelle. Linear trends have been obtained for the cooling capacity and the average temperature inside the nacelle as function of the cooling temperature. It has been found that the environmental heat load constitutes the main contribution (97%) to be balanced by the required cooling capacity during nacelle thermal control.
To our knowledge, no more works on the nacelle thermal behavior have been found in the literature. However, several works on the heat transfer in enclosures with different shapes and configurations have been published. It is of interest to review some of these works since the present study is focusing namely on the same aspect of confined natural convection within enclosures.
Baïri et al. [5] presented a review of several research works on natural convection in cavities where a large variety of configurations have been investigated (e.g. cavity shape, angle of inclination, convecting fluid nature and radiative properties, thermal boundary conditions). Different approaches, including experimental and numerical methods, have been used to deal with the problem where a wide range of Rayleigh number have been covered to account for turbulence effect. Chiu et al. [6] treated the case of transient natural convection heat transfer between concentric and vertical eccentric isothermal spheres. The inner sphere is heated and the outer is cooled. The problem has been approached using the alternating direction implicit method and the successive over-relaxation techniques. The parametric study revealed that the heat and flow fields are primarily dependent on the Rayleigh number and on the vertical eccentricity of the two spheres.
The problem of natural convection in the annulus between horizontal concentric cylinders has been studied by many authors in different configurations. One can cite McLeod et al. [7] and Farouk et al. [8] . The experimental study of McLoad investigates the natural convection of helium in the cylindrical annuli at cryogenic temperatures where heat transfer rates and temperature profiles are measured for high values of Rayleigh number varying from 8.10
6 to 2.10 9 . Heat transfer data has been correlated in terms of the thermal expansion coefficient and Rayleigh number based on the cylinders diameters. The effect of turbulence on the convective flow has been reported and discussed.
Many authors in the last decades have been interested by the problem of natural convection combined with surface radiation in enclosures with fins or obstructions in the form of solid bodies. Ma et al. [9] treated the problem of unsteady natural convection in a differentially heated cavity with a fin for high Rayleigh numbers from 10 8 to 10 11 where the transient features of natural convection flows in the cavity have been described. It has been concluded that the development of natural convection from the start-up is dependent on the Rayleigh number and the fin position.
Liu et al. [10] studied the case of conjugate conduction, radiation and natural convection in a vertical square cavity inside of which a solid body is heated. The numerical study has shown that temperature and velocity fields are strongly influenced by radiation effects. Mezrhab et al. [11] conducted a numerical investigation of the combined radiation and natural convection problem in a differentially heated square cavity with a centered square block. It has been found that the average Nusselt number is proportional to radiation which in turn homogenizes temperature filed in the cavity, in particular when Rayleigh number and solid-fluid thermal conductivity ratio are high. A numerical study on the surface radiation effect on the breakdown of steady natural convection flows in a square cavity with a centered hot isothermal square body has been performed by Sun et al. [12] . It has been shown that Rayleigh number transition value to the unsteady regimes increases strongly under the influence of radiation. Liao et al. [13] studied numerically the transitions of natural convection flows in a square enclosure with a heated circular cylinder using an immersed-boundary method. The influence of Prandtl and Rayleigh numbers on the flow regimes has been investigated.
Several other physical aspects and their impact on confined natural convection problem have been investigated by many authors in the last decades. The problem of thermal stratification in a convecting flow within enclosures is one of the most emphasized (e.g. Wu et al. [14] , Le Quéré and coworkers [15, 16, 17] ). This paper presents a numerical method to investigate the impact of heat exchange by turbulent natural convection on the nacelle thermal behavior, where both 2D and 3D-configurations are considered. This study focuses on the inner part of the nacelle. In order to investigate the validity of the numerical method and accuracy of the obtained results, an analysis of the air thermal stratification within the nacelle is carried out. On the other hand, temperature and velocity distributions in the cylindrical annuli part of the nacelle are compared with the benchmark work of McLoad and Bishop [7] . Detailed results including temperature and velocity fields within the nacelle have been presented and discussed. To assess properly the turbulent natural convection effect within the nacelle, the resulting average temperature inside the nacelle, as well as the required cooling capacity have been investigated, where interesting conclusions have been drawn concerning the nacelle thermal behavior. Figure 1 illustrates the geometry of the 2D-problem. The nacelle is considered air-tight, therefore the natural convection problem within the nacelle can be treated independently from the external conditions. The following practical considerations and simplifying assumptions are adopted.
Mathematical model

Physical problem
• Both 2D and 3D-cases are tackled in the present work.
• Transient turbulent regime is considered.
• The gravity impact (buoyancy force) is considered. Therefore, heat transfer by natural convection takes place within the nacelle.
• Heat generation (mainly resulting from electrical generator) is idealized as an isothermal condition, represented by a hot plate (i.e. generator wall) at temperature T H in the computational domain.
• The cooling system is idealized as an isothermal condition, represented by a cold plate (i.e. nacelle internal wall) at temperature T C , which represents the cooling temperature. Thus, the knowledge of external heat exchange and air flow around the nacelle is not required.
Governing equations
The complete set of fluid equations, expressed in the Cartesian coordinate system, consists of the unsteady Reynolds-averaged Navier-Stokes and energy equations, where Boussinesq approximation is considered for the temperature-density dependence.
where, u i is the mean velocity component in the x i direction, and u i is the corresponding fluctuating velocity component. p is the pressure, T is the air mean temperature and T is the corresponding fluctuating temperature. t denotes the time variable. ρ, ν, α and β denote respectively density, kinematic viscosity, thermal diffusivity and thermal expansion coefficient of the air. g is the acceleration due to gravity and T 0 is a reference temperature given by T 0 = (T H + T C )/2. δ ij is the Kronecker delta symbol. For turbulence modeling, the Reynolds stresses u i u j and the turbulence heat fluxes u i T are modeled through the Boussinesq approximation as follows.
where µ t denotes the turbulent eddy viscosity, k is the turbulent kinetic energy and σ T is the turbulent Prandtl number. The shear-stress transport (SST) k − ω model with four additional transport equations has been considered for turbulence modelling. As it has been shown by Wu et al. [14] , this model has the best performance in terms of predicting turbulence quantities in confined natural convection. Further details of this model can be found in Wilcox [18] . Figure 2 shows the computational domain and the associated boundary conditions. For the temperature field, the isothermal conditions have been prescribed for nacelle internal wall (i.e. cold plate at T C ) and for the electrical generator wall (i.e. hot plate at T H ). The non-slip conditions are prescribed for velocity field. For a detailed investigation of temperature and air flow fields in the 2D-case, two longitudinal lines, A and B, and two transversal lines, C and D, have been considered. Also, a vertical upward-oriented path, E, in the left-midplane between hot and cold plates is considered (cf. Fig. 2 ). Furthermore, for the investigation of the 3D-case, it is instructive to consider two vertical Y Z-plane sections (I) and (II) passing respectively through Line C and D.
Numerical method
Computational domain and boundary conditions
Numerical formulation
To solve the resulting governing equations along with the specified boundary conditions, ANSYS FLUENT code based on the finite-volume method has been used where PISO algorithm is employed for the pressure-velocity coupling. All the equations have been discretized using the second-order upwind differencing scheme. The discretized equations have been iterated with a relaxation factors of 0.9 for the energy equation and 1 for all the other equations. As an exception, for the 3D-case, it has been noticed that convergence requires a relaxation factor of 0.7 for the pressure equation. On the other hand, it is known that numerical resolution of transient confined natural convection problems require high CPU time simulations. This issue has been pointed by many authors dealing with the problem of time-dependent natural convection within enclosures (e.g. Ben Cheikh et al. [19] ).
Grid topology
Structured rectangular meshes have been used to carry out simulations. Fine grid is considered close to the isothermal walls where high temperature and velocity gradients take place. Figure 3 shows the topology of the 2D-grid. Results of mesh and time-step study are presented in the results and discussions section. 
Results and Discussions
Problem Statement
To investigate the thermal behavior of the wind turbine nacelle, a typical 850kW commercial wind turbine has been considered. The geometry of the nacelle has been simplified into a horizontal circular cylinder of 13m × 3m, inside of which lies a coaxial cylindrical generator of 3.22m × 1.4m placed at a distance of 0.48m from the back side of the nacelle (cf. Fig. 1 ). Hot plate temperature T H is maintained constant at a safety limit of 100
• C in all this study. Therefore, the temperature span ∆T = T H − T C is controlled only by varying cooling temperature T C . It is of interest to notice that for such dimensions of the nacelle and for temperature span ∆T varying in the range of 120
• C − → 70
• C, Rayleigh number based on the longest distance between hot and cold plates, that is length of Line A, is Ra A ∼ 10 12 which would keep the air flow inside the nacelle within highly turbulent regime level. In such conditions, a time-dependent approach is required to obtain the solution.
Mesh dependency and time-step dependence study
To determine the optimal grid and time-step size that would produce accurate results with efficient CPU-time simulations, computations have been performed for typical boundary conditions. The resulting total heat rate, q int , given by Eq. (6), has been calculated near hot and cold plates, by considering different grid dimensions and time-step sizes.
where H and C denote the curvilinear paths describing hot and cold plates, respectively. n and s are the local coordinate normal to the wall and the curvilinear coordinate, respectively. λ is the air thermal conductivity assumed to be constant and calculated at the reference temperature T 0 . Several grids with different number of nodes have been employed to discretize the computational domain. Figure 4 shows a flowchart summarizing the steps sequence and logic of the mesh and time-step dependence study. As it can be seen, the flowchart logic is structured in two main parts where two simulation parameters are to be determined; the grid nodes optimal number, N * , and the optimal time-step size, τ * . After initialization of the grid nodes number, N , and the time-step size, τ , simulation is run and the transient evolution of the total heat rates, q 2%) . Then, the total heat rate, q int , is recorded and the mesh is refined repeatedly until reaching a convergence ratio of ε 2 = 1.0%. The same strategy is applied for the time-step dependency over a decreasing range of time-step sizes, where a tinier value of 0.1% is considered for the convergence ratio, ε 3 . Figure 5 shows in the same plot the results of both mesh dependency and time-step size dependence study. As it can be seen, for a number of nodes greater than 6 × 10 4 , the resulting values of the total heat rate seem to be almostly independent to the grid size. On the other hand, the optimal value of the time-step size is 10 −3 s. Same study has been conducted for the 3D model. The optimal number of grid nodes has been found to be equal to 5×10
5 , whereas a nearly unchanged value of 10 −3 s is obtained for the optimal time-step size. 
Time-step refinement j := j + 1 The computer system used to run the calculations has 32GB of RAM and an i7-4790 processor with a total of 8 core Intel processors, each running 3.60GHz. Computations have been conducted over an average of about 5.5 × 10 5 time-steps, corresponding to a physical time of 4 days for each simulation. Figure 6 shows the resulting temperature distribution and streamline contours in the 2D-case obtained for cold and hot plate temperature values of T C = 0
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• C and T H = 100 • C. As it can be seen, the behavior of these simulation results seems to be quite reasonable, thus confirming, qualitatively, the validity of the proposed numerical method. In particular, the thermal stratification phenomenon of the air on the left side of the nacelle driven by the concentration of the hot air in the upper part of the nacelle which is due to the decrease in the density, thus confirming the suitability of the adopted Boussinesq approximation.
From Figure 6 (b), it can be noticed that the air motion within the nacelle is characterized by recirculating flow concentrated mainly in three cells adjoining the hot and cold walls. On the left-bottom side of the nacelle, thermal instability starts to occur, giving birth to secondary air circulation core. Similar conclusions can be drawn from the results (not presented here) obtained for other temperature spans between hot and cold plates.
Temperature and Velocity Profiles
To visualize explicitly temperature and velocity fields within the nacelle in the 2D-case, results have been extracted along the two longitudinal lines, A and B, and the two transversal lines, C and D, previously introduced in Fig. 2 . The cold plate temperature is considered to be varying from T C = −10
• C to 10 • C. The obtained profiles of temperature, vertical and horizontal velocity are presented in Figure 9 .
Figures 9a and b show profiles of temperature and vertical velocity along Line A, respectively. For different cold plate temperatures, temperature profiles behave similarly, decreasing from the common hot plate temperature T H to the corresponding cooling temperature T C . High air motion can be noticed, upward in the vicinity of the hot plate and downward near the cold plate. Also, it is important to notice that sharp variations occur more clearly in the vicinity of the hot plate than the opposite cold side, because of higher temperature gradient.
Along Line B, temperature and vertical velocity profiles behave similarly to those along Line A (cf. Fig. 9c and d) . However, because of the nearness of the two isothermal plates, more significant air motion can be noticed. Figures 9e and f show profiles of temperature and horizontal velocity along Line C, respectively. As it can be seen, temperature profiles exhibit a sharp increase from the cooling temperature at the nacelle bottom to reach a maximal value in the upper part of the nacelle (92% of the nacelle height). While, it decreases more sharply again to the cooling temperature at the top wall of the nacelle. It is instructive to notice the linear increase of the temperature in front of the generator left wall, underlying again the thermal stratification phenomenon of the air in this part of the nacelle. On the other hand, as it would be expected, horizontal velocity profiles along Line C show that motion of air is definitely more significant in the vicinity of the nacelle top wall occupied by a highly heated mass of air. These behaviors confirm one more time the adopted Boussinesq approximation.
As it can be seen in Figures 9g and h , along Line D, a well stratified air is noticed due to the horizontal disposition of the two isothermal plates (hot plate on the top, and cold plate on the bottom). Temperature values increase progressively from the corresponding T C at the bottom of the nacelle to reach the common hot temperature T H at the bottom of the generator, where high temperature and velocity gradients occur in the wall vicinities.
Analysis of the Air-Stratification Phenomenon
In order to investigate quantitatively the validity of the proposed numerical method and accuracy of the 2D-case results, it is of interest to put light on the stratifying air in the widest area of the nacelle, that is the left side. For this aim, the 2D-case is considered. We focus our analysis on air flow and heat transfer in the vicinity of the generator left wall. Heated air in the vicinity of the left wall of the generator ascends upward and reaches the top cold wall of the nacelle. Further, it moves horizontally leftward, then being cooled, it moves downward and returns back to the generator hot wall. Once the steady-state regime reached, this mechanism leads to a recirculating air-flow under thermal stratification conditions [20] .
As illustrated in Fig. 2 , for different cooling temperature cases, temperature far the wall, T ∞ , evaluated at the point Q, and the temperature slop along the path E, are extracted and used to correlate the resulting average Nusselt number over the generator left wall, making use of Equation (7) reported by Martynenko et al. [20] .
As recommended in [21] , the turbulence coefficient C t is taken to be equal to 0.1. Ra f is the Rayleigh number based on the length of the generator left wall, L f , given by
and S E is the stratification parameter assessed through the path E and defined as
It is of interest to notice that conditions of the present problem are such that the stratification parameter lies in the interval 0 < S E < 2, which is the range of validity of the correlation (7). Table 1 shows the variation of the resulting T ∞ and the temperature slop, ∂T /∂y| E , with respect to different cooling temperatures, T C . Also, it presents a comparison between the corresponding values of the average Nusselt number over the generator left wall obtained by the latter correlation, N u , along with the corresponding relative discrepancies. As it can be seen, the resulting Nusselt number values averaged over the generator left wall exhibit a similar trend to those computed using Eq. (7) confirming, thus, quantitatively the validity of the numerical approach. However, an under-predicting relative error of 9.6% is recorded over the whole cooling temperature range. This value is quite satisfactory, since numerical correlation errors lower than 25% may generally be considered as acceptable [21] .
4.6. Analysis of Natural Convection in the Horizontal Cylindrical Annuli part of the 3D-Nacelle For further quantitative validation of the proposed method, it is of interest to put light on the accuracy of simulation results obtained in the 3D-case. For this purpose, we consider the 3D turbulent natural convection case and focus our study on the horizontal cylindrical annuli part of the nacelle. Under the present physical considerations, the Rayleigh number based on the annuli width is in the order of Ra D ∼ 10 9 . In order to carry out comparison with literature data, the Y Z-plane section (II) has been considered. The location of this plane leads to a physical situation typically similar to the benchmark problem of turbulent natural convection in concentric horizontal annuli.
From Figure 8 .II.a, temperature values are extracted along three radial directions L i identified by the angle φ = D, L i=1,2,3 = 150
• , 120
• and 90
• , respectively. Figure 10 shows the obtained results compared with the experimental data of McLeod and Bishop [7] measured in the case of Rayleigh number equal to 1.9 × 10 9 . Temperature and radial coordinate are nondimensionalized such that T = (T − T C )/(T H − T C ) and r = (r − r i )/(r o − r i ), where r i and r o are, respectively, the inner and the outer cylinders radii. [7] .
As it can be seen, the numerical method adopted in the present study predicts, in general, an acceptable radial distributions of the temperature in the midplane of the annuli part of the 3D-nacelle. However, an conspicuous overestimation can be noticed particularly near the hot plate wall. This discrepancy is expected and might be explained, on one hand, by the difference in geometry shape, and on the other hand, by the difference between the respective Rayleigh numbers.
Nacelle Thermal Behavior Analysis
To assess properly the nacelle thermal behavior, both the required cooling capacity, q c , and the resulting temperature-level inside the nacelle determined by the average air temperature, T av , constitute the key parameters. Since the heat exchange with the external environment has been neglected, the required cooling capacity reduces to the total heat rate exchanged inside the nacelle, i.e., q int . Thus, the energy balance is simplified into Equation (8), where q int is given by Eq. (6).
On the other hand, the average temperature within the nacelle is calculated as
where Ω denotes the inner volume/surface area of the 3D/2D-nacelle. Figures 11 and 12 show the resulting required cooling capacity and the average temperature within the nacelle as functions of the cooling temperature, T C . Two physical situations are illustrated; (i) turbulent natural convection 3D-case, (ii) turbulent natural convection 2D-case and, as for comparison, (iii) pure conduction case where buoyancy effect is totally neglected.
In all cases, these two parameters exhibit a linear variation with respect to the cooling temperature. From Figure 11 , it is clear that the cooling process requires much more capacity in the turbulent natural convection case compared to the pure conduction case, making the resulting average temperature much higher (cf. Figure 12) . This indicates the prominence of the affect of buoyancy forces on the nacelle cooling process. Furthermore, as it can be seen, the lower is the cooling temperature, the more energy-requiring is the cooling process. This is again a qualitative validation of the numerical method. We observe also that the turbulent natural convection impact on the nacelle thermal behavior is intensifying as the temperature span, ∆T , increases. Therefore, heat exchange by natural convection constitutes a determinant factor for the thermal design of the nacelle cooling system.
As comparison between 2D and 3D-results, an average relative discrepancy of about 35% is noticed. This might be explained by the fact that in such a big dimensions of the computational domain, turbulence is expected to be even more significant in the 3D-configuration, which would increase the heat exchange and the thermal loads to be balanced by the cooling system of the nacelle. However, the average temperature seams to be lower in the 3D-case because of the considerable mass of air within the nacelle in this case.
Conclusion
This paper presents a numerical method to investigate the thermal behavior of a nacelle under the effect of natural convection heat exchange. For this purpose, an air-tight nacelle has been considered. The heat generation and the appropriate cooling system idealized as isothermal conditions have been represented respectively by hot and cold plates in the computational domain.
Simulations have been carried out both in 2D and 3D-cases for different cold plate temperatures. The resulting temperature and velocity profiles have been visualized along different directions within the nacelle, and have shown good agreement with those of literature.
To investigate the validity of the 2D-results, an analysis of the thermal stratification phenomenon of the air within the nacelle has been carried out. For different cooling temperatures, the resulting average Nusselt number over the generator left wall has been compared with the correlation result provided by the literature, where a satisfying agreement has been noticed.
The 3D-case results have been validated by putting light on the turbulent natural convection in the horizontal cylindrical annuli part of the nacelle. Temperature profiles have been extracted over different radial directions. Comparison with the experimental data presented in the literature has shown an acceptable concordance.
The impact of buoyancy forces on the thermal behavior of the nacelle has been assessed, both in 2D and 3D cases, by considering the required cooling capacity and the average temperature within the nacelle. A comparison has been performed and confirmed that appropriate values of the required cooling loads are definitely dependent on the accurate predictions of natural convection within the nacelle.
Future works will be mainly focused on the consideration of more practical aspects for the nacelle thermal design; such as heat exchange by radiation, modeling of unsteady thermal loads (due to generator, gearbox and electronic components) as well as the external heat exchange with the surroundings and the flow fields around the nacelle, where the aerodynamic shape of the nacelle may constitute an important parameter.
